The use of the profile shape function based on the direct convolution product described in paper I [Howard & Snyder (1989) . J. Appl. Cryst. 22,[238][239][240][241][242][243] in profile and Rietveld pattern fitting algorithms has been investigated further. These algorithms aided in the fabrication of a better instrument-profile standard and in determining the crystallite size and strain in a series of specimens. Analysis of an A1 specimen using a profile fitting algorithm yielded its strain and the strain recovery rate as a function of annealing time and temperature. The results from a modified Rietveld program showed the strain in La-substituted SrTiO3 specimens to be a function of the La content and the oxygen partial pressure in which the specimens were annealed. In all cases, the specimen's contributions to line broadening as a result of both small crystallite size and strain in this study were similar to the results obtained in paper I, i.e. they tended to be Lorentzian in nature.
Introduction
In paper I (Howard & Snyder, 1989) , the technique of generating direct convolution products for use as a profile shape function (PSF) was described. In the current paper, we illustrate the use of this PSF in analyzing a variety of specimens. As noted in paper I, the quality of the instrument standard is of paramount importance, particularly if size and strain analyses are to be based upon it. For this reason, we generated a series of Si specimens having various crystaUite size distributions and degrees of strain in order to investigate the effects of various processing parameters. It was our intent to use one of these specimens in place of the SRM 640a used previously since it showed perceptible signs of line broadening. Although the relatively high transparency of Si makes it less than the ideal instrument-profile standard, we chose the material since it could be obtained nearly defect free, has nearly isotropic physical properties, and could be prepared easily in this laboratory.
Since a strained specimen in paper I was unexpectedly found to have an essentially Lorentzian contribution to line broadening, we prepared a set of specimens to evaluate better the contributions from strain.
Both hand-filed A1 metal powder and the jet-milled Si powders described above were put through an annealing process and any change in line shape was monitored. In addition, the A1 and Si specimens were used to assess the size/strain determination capabilities based on the angular dependence of the specimen profile's integral breadth.
The analysis of the A1 and Si metals was performed in two ways. The first method used the SHADOW pattern-analysis system (Howard & Snyder, 1985) which refines the integral-breadth values of each profile independently, then determines the size and strain parameters from their 20 dependence. The second method used a modified Rietveld patternfitting structure-refinement algorithm (Young, 1980; Young & Wiles, 1982; Sakata & Cooper, 1979) . The broadening of the newly implemented convolute profiles was constrained to have an angular dependence following relations for size or strain during the refinement process. The Rietveld program was also used to examine (Srl-x, Lax)TiO3+~: a ceramic material with interesting electronic conductivity, optical properties, and phase transition behavior (Balachandran & Eror, 1982; Selme & Pecheur, 1985) . The difference in size between the Sr 2÷ and La 3÷ ions, as well as any vacancies created to compensate for the increased charge, give rise to microstrain in the material, i.e. an irregular d spacing between the Bragg planes. A structural study of these materials was undertaken to obtain information regarding their defect properties. This material proved to be a good candidate for examination using the Rietveld procedure since the vacancies induced by ionic compensation were on the cation site; the relatively large difference in the scattering factors allowed them to be readily observed using X-rays. the crystallites. Powders having a very narrow particle size distribution were obtained with a mean size controlled by the pressure at the air jets. The jet mill fractionated the powder into two rough size distributions: a coarser powder that settled in a collection jar, and a finer powder that was caught in a filter bag placed in the exhaust air stream. The coarser powder was taken from the jar and vibrated through a 325 mesh screen (-45 txm nominal opening size) into a constant-velocity air stream. Particles were dispersed along the flow direction of the air stream with a distribution determined by Stokes's law. The size fraction isolated from the dispersed powder was in the range of 10-15 txm. This powder was designated GS for 'good stuff'. A small amount of the GS powder was set aside for use as a control and the rest of the powder annealed at 1170 K in vacuum for 1 h. The annealed powder was designated GSA.
Experimental procedure

Specimen preparation
A sample of the fine Si powder was taken from the filter bag of the jet mill, divided into two parts, and labeled SIB and SIBA. The SIBA sample was then annealed under the same conditions as GSA. In order to confirm that strain was present in the standard reference material SRM 640a and affected the results obtained in paper I, we chose to include it in this investigation. SRM 640a was designated SRM and its annealed counterpart SRMA.
(2) Preparation of the A1 specimen. A commercially obtained pure AI bar was filed by hand at room temperature to produce a coarse powder. This powder was passed through a 325 mesh sieve and mixed with 50wt% of the SRM material. After obtaining a diffraction pattern, the powder was annealed at a given temperature for a period of time and another' diffraction pattern was taken. The heat treatment schedule used in the annealing of the A1 specimen is given in Fig. 1. (3) Preparation of the SrTiO3 powders. Powders having the required cation stoichiometry were prepared using a liquid mix technique (Eror & Anderson, 1986) to ensure control of the stoichiometry and to maximize homogeneity at the atomic level. All powders were calcined at 1070 K in air for 8 h, divided into three parts and pressed into bars. One bar from each composition was simultaneously placed into a tube furnace through which flowed either pure oxygen, air or forming gas (90%N2+ 10%H2). The bars were annealed at 1670 K for 17 h before being pulled to the cold end of the tube while the gas flow around the bars was maintained. The annealed bars were ground with a mortar and pestle and passed through a 400 mesh sieve (-30 Ixm nominal opening size). The composition and firing conditions of the Lasubstituted SrTiO3 specimens are given in Table 1 .
Collection of the X-ray powder diffraction data
The diffraction specimens were prepared by front loading the powders into a hollow cavity in a plastic specimen holder. The X-ray data were collected with a Scintag PAD V powder diffractometer using a normal-focus Cu target. All patterns, except for those from the Si specimens, were collected throughout an angular range of 20 to 120 ° 20 with an angular increment of 0.02 ° and a 2 s count time per step. Since the profiles from the Si were to be used in preparation of the W * G calibration curves, the step width was reduced to 0.01 a 20. These data were transferred to an IBM 4381 computer for subsequent processing.
Profile refinement using program SHADOW
In order to determine which Si specimen showed the least amount of line broadening, program SHADOW was used to refine split-Pearson VII profiles against the lines from each of the patterns. Since the GSA specimen exhibited the sharpest lines, i.e. possessed the smallest Hk values, its refined profile parameters were used to determine the coefficients for the W * G profile calibration curves. Unless otherwise indicated, the calibration curves based on the GSA specimen, illustrated in Fig. 2 , were used throughout the remainder of this study. For comparison purposes, similar curves were prepared using the data from the annealed and as-received SRM specimens and are shown in Fig. 3 .
Profile refinement was performed on the lines from an Si and A1 specimen using compound profiles employing Lorentzian, Gaussian and split-Pearson VII functions. The results of these refinements were used to assess the gross effects of specimen condition on overall line shape. As illustrated in Fig. 4 , fitting the 111 Si line from the GSA specimen with the split-Pearson VII based compound profile yielded a better fit than did use of the other profiles. In the second case, the profiles were fit to the 111 line from the pattern of the as-filed A1 specimen which exhibited the most line broadening. As illustrated in until the best fit was obtained. In all cases, the convolute profile based on the Lorentzian function proved to be a superior fit to the observed diffraction lines. The difference between the results obtained by fitting the 111 line from A1 with the two specimen ID functions, Fig. 6 , was typical.
SHADOW
Size/strain analysis using program SHADOW SIBA SIB Since the Lorentzian-based convolute proved a bet-SRMA SRM ter fit to the observed diffraction lines, the size and Rietveld strain analyses were based on equation (6) difference in the curves when S was modeled by a Lorentzian and then a Gaussian function and the convolute profiles refined against the lines from AI specimen no. 3. The use of the Lorentzian-based convolute resulted in less scatter of the points about the regression line as well as significantly different values for the strain (slope) and crystallite size (intercept). The curve shown in Fig. 8 is based on the results of fitting the lines from the SIBA specimen which would be expected to have size effects as the dominant line broadening mechanism. The data in Table 2 are the results of the similar refinements.
Analysis of the strain in the AI specimens based on the profile refinement of individual lines showed a high degree of isotropy in both the strain and the strain recovery rates. Fig. 9 shows the refined values of the strain as a function of hkl and annealing step. Table 3 lists the values of the crystallite size and strain when the values were refined individually and simultaneously.
In paper I, the negative values of the strain found for the alumina specimens and the negative value of the crystallite size of the W specimen were attributed to the physical characteristics of the SRM 640a used as the profile standard. curves for the SRM and SRMA specimens when the instrument profiles were based on tile GSA profile calibration curves. We will comment on the noticeable difference in the size and strain values between the two specimens in our discussion of results.
Refinement using the Rietveld program
The only structure-related parameters refined during the Rietveld analysis of the Si and A1 specimens were the isotropic thermal parameters for the atoms and the lattice parameters. In addition, a fourth-order polynomial was used to approximate the background and a coefficient related to a zero-point error was refined. The angular dependence of fl for the specimen profile function was constrained to follow equation (6) of paper I, thus allowing for small crystallite size and strain broadening simultaneously. The results from the refinement of the Si and A1 specimens using the Rietveld program are given in Tables 4  and 5 . The atom-related parameters varied during the refinement of the La-substituted SrTiO3 structures included the cation site occupancies and the isotropic thermal parameters for the cations. The specimens annealed in the forming gas showed a change from the cubic symmetry exhibited by the other specimens. However, the atom positions were constrained to those corresponding to a simple tilting of the oxygen octahedra and lattice. A fourth-order polynomial was used to approximate the background and a zero-point correction was refined in addition to the lattice parameters. We initially allowed for the refinement of fl for the specimen profiles to follow equation (6); however, the contributions due to size broadening were so small in all the specimens that the size-related term was dropped. The details of the experimental procedure and discussion of the results is given elsewhere (Howard, Yau & Anderson, 1989) . Fig. 2 shows the refined split-Pearson VII compound profile parameters plotted as a function of 20 for the GSA standard. Some of the scatter in the data may have been caused by the roughness of the specimen surface due to the relatively large size of the crystallites. The difference between the values of Hk and m for the low-angle and high-angle halves are greater at lower angles than at higher angles. This agrees with the fact that at low angle the instrumental effects are dominant, while at high angle the radiation wavelength distribution, which is more symmetric, is dominant. In general, we observed that as the specimen's crystallite size decreased the scatter of the parameter values decreased, as illustrated in Fig. 3 . cannot vary significantly since discrepancies in the fit will arise at almost all points on the profiles. However, we believe the dispersion in the values of m can be expected to be larger for the following reasons. The value of rn is most influential in determining the roundness of the tops of the profiles and the shapes of the tails close to the background level. The relatively few points at the top of the profiles are statistically weighted to allow for a wider discrepancy in matching the calculated and observed intensities. The relatively low intensities found near the tails have a relatively high error associated with their measurement and, therefore, any value of m derived from these intensities must have a correspondingly high error associated with it. The shape of the tails is also influenced by the quality of the background estimate; raising or lowering the background estimate in the vicinity of the peak will have a significant effect on the refined values for the exponents. We were therefore more willing to accept a higher degree of scatter in the values for the exponents than for the Ilk values.
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Results
Results from the profile refinements
Not unexpectedly, the fits of the split-Pearson VII based compound profile to the 111 Si line were much better than those obtained with either the Lorentzian or Gaussian based profiles, Fig. 4 . As evident in the fits of these three profiles to the 111 AI line (Fig. 5) , the split-Pearson VII based profile still gave the best fit, but the Lorentzian-based profile gave a similar value for the residual error and goodness of fit. In the latter case, the specimen was highly strained and thus the S profile contributed more to the overall shape of the profile than did the instrument. Traditionally, the Gaussian profile would be expected to give a better fit since the dominant line-broadening mechanism is microstrain. However, the good quality of fit provided by the Lorentzian profile is in agreement with the results from the profile fitting with convolution-based profiles discussed below.
It was apparent from Fig. 6 that use of a convolute profile that modeled the A1 specimen contributions with a Lorentzian function provided a significantly better fit to the observed line than that obtained when S was modeled by a Gaussian function. Based on the angular dependence of the specimen profile broadening (Fig. 7) , the observed line broadening is predominantly a result of strain. As was found with the relatively brittle W specimen examined in paper I, the relatively ductile AI specimens examined here showed predominantly Lorentzian-related specimen broadening. In fact, all the strain-related specimen broadening in our specimens was Lorentzian in nature.
The comparison of the SRM and SRMA specimens (Fig. 10) showed the presence of strain in both specimens although there was a significant reduction in the SRM specimen after annealing. The residual strain in the SRMA crystallites was not unexpected owing to the inability to eliminate completely certain defects through annealing, e.g. edge and screw dislocations. However, the apparent difference in crystallite size between the two specimens was interesting considering they were taken from the same bottle of SRM 640a. One contributing source to this apparent size-related broadening may have been the diminution of coherent scattering in the crystallites as a result of damage to the lattice. The smaller regions of coherent scattering may have manifested themselves as small crystallites.
Size and strain analysis of the A1 and Si specimens using the SHADOW and Rietveld programs Wolff, Taylor & Parrish, 1959) .
Use of the convolute profile in the Rietveld program resulted in a value for the residual error close to that obtained using the Pearson VII profile function. The latter profile's variable exponent, in addition to the U, V, W parameters, provides four variables in contrast to just two for the size-and strain-broadened convolute profiles. The reduction in the number of degrees of freedom did not raise the residual error, as might have been expected.
The size and strain values obtained from the Rietveld analyses were not always in agreement with those obtained from the SHADOW program. Apparently, both specimen displacement and zero-point corrections need to be considered when performing Rietveld refinements. The current Rietveld program's correction for a zero-point shift is constant across the entire angular range; the actual shifts were probably nonlinear. In addition to influencing the atomic parameters, this correction may have influenced the values of the lattice parameters, profile parameters for the non-convoluted PSF's, and the size/strain values when the convolute-based PSF was employed. Since program SHADOW refines profiles independently, its refined parameters may more accurately represent the diffraction lines and, therefore, the size and strain parameters may have been more accurate. Differences may have also resulted from primary-extinction or particle-shape effects:
We observed that the values of the estimated standard deviations (e.s.d.'s) for the crystallite size and strain parameters tended to be disproportionately large when the values of these parameters were near the limits the programs could effectively handle. An illustration of this can be seen in the entry for the e.s.d, of the crystallite size of the SRMA and SRM specimens in Table 2 . The large values of the e.s.d.'s were attributed to (1) the broadening mechanism's extremely small contribution to the breadth of the convolute profile, and (2) the inability of the numerical algorithms to determine the effect of a small perturbation in the parameters when the value was near the limits.
Rietveld analysis of the La-substituted SrTiO 3 specimens
The refined lattice parameters and strain values for the La-substituted SrTiO3 specimens are shown in Fig. 11 . Strain values were observed to increase linearly as a function of the La concentration only for those specimens annealed under reducing conditions. Based on the refined cation site occupancies, the low oxygen activity apparently suppressed cation vacancy formation. Thus, only the presence of the La in the lattice induced localized regions of strain.
The strain in the specimens fired in the oxidizing environments decreased a little at first and then began a sharp increase at approximately 30 at.% La. The refined cation site occupancies for these specimens exhibited a significant drop coincident with the increase in strain. This would indicate that the ionic defects (vacancies) present contributed significantly to the strain. In addition, we believe the sharp increase in strain signified a critical change in the specimens, e.g. the formation of sub-grains or intergrowths of a second phase (Tilley, 1977; Balachandran & Eror, 1981) . The slight mismatch of the lattice between these phases may have caused strains in both phases, particularly after cooling. The details of our analysis are given elsewhere (Howard, Yau & Anderson, 1989) .
Concluding remarks
There is a need for a profile standard with a relatively high absorption coefficient. However, the relatively large crystallite size required to minimize the sizerelated broadening may result in increased scatter of the refined profile coefficients, particularly the exponents in the Pearson VII function. The mechanism(s) contributing to this scatter may affect the results of a size/strain analysis using the convolute profiles. Specimen spinning may be required to reduce effectively the uncertainties in the refined profile parameters.
Several materials have been observed to exhibit a Lorentzian nature to their line broadening when the dominant contribution to broadening appears to be strain. Since both size and strain broadening in these specimens affects the line shape in the same way, the only reliable method of separating the two mechanisms is by their angular dependence.
Many materials of routine interest will show anisotropic size and strain characteristics. Profile fitting using two or more orders of a reflection to evaluate these parameters is preferred over the isotropic approximations provided by the current Rietveld program. The convolute PSF described here shows promise for use in the routine characterization of materials. 
